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INTRODUCTION 
Data on a variety of cells, yeast (Fisher and Stem,  1942), developing sea 
urchin  eggs  (Fisher and  Henry,  1944; and Fisher, Henry, and  Low, 1944), 
stimulated frog muscle (Stannard,  1939), mammalian gland cells (Deutsch and 
Raper,  1938), protozoa (Ormsbee and Fisher,  1944), A~a  coleoptiles (Com- 
moner and Thhnann,  1941), etc., suggest quite strongly that the total oxygen 
consumption of these cells may not have a uniform significance.  Specifically, 
in the case of yeast, sea urchin eggs, and protozoa, it appears that the energy 
for growth may be provided by a distinct set of reactions which are responsible 
for a part only of the total oxygen consumption of the cell.  This set of reactions 
is conveniently referred to as the activity metabolism.  It seems very possible 
that such inhibitors as the narcotics slow growth in these three types of cell, by 
specifically depressing  the  activity metabolism. 
It is now known that the effects of sulfathiazole (ST) and of ~propyl carba- 
mate (PC) on the rate of oxygen consumption and on growth in E. coli are very 
similar to the effects of these same compounds in yeast and sea urchin eggs 
(Fisher and Armstrong,  1947).  There exists therefore the possibility that in 
bacteria too, growth depends upon a distinct fraction of the total oxygen con- 
sumption of the growing cell.  The experiments which will now be described, 
indicate that the fixation of ammonia from the suspending medium by cells of 
E. coli is in fact associated with an accelerated rate of oxygen consumption; and 
that inhibition of growth by ST and PC closely parallels the inhibition of thi~ 
extra  oxygen  consumption  which  appears  while  ammonia  utilization  is  in 
progress. 
Materials and Methods 
The two strains of E. coli used, the culture medium, and the methods of 
measuring growth and rate of oxygen consumption employed in this investiga- 
tion were all identical with those described previously (Fisher and Armstrong, 
1947). 
* It is again a pleasure to acknowledge  that this research was made possible in large 
part by a grant to the University of Toronto by the John and Mary R. Markle Foun- 
dation, New York. 
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Specific details relating to the experiments described here are given in the 
text at the appropriate place. 
RESULTS 
Several investigators whose work is considered in detail later have reported 
that the rate of oxygen consumption by bacteria suspended in a  non-nutrient 
medium after being freshly removed from a  nutrient medium falls with time. 
There are several possible interpretations of this observation but the one which 
concerns us here is the simple possibility that when actively growing, producing 
new protoplasm, the cells require additional energy over and above that neces- 
sary to maintain life.  When growth is stopped by removing the cells from a 
nutrient medium this extra energy is no longer necessary, and the rate of oxygen 
consumption subsides to the level characteristic of "resting" cells. 
In order to examine the rate of oxygen consumption by cells of E. coli follow- 
ing the removal of the cells from a nutrient medium experiments were carried 
out as follows: cells were freshly washed off plates into a  medium containing all 
the usual constituents except ammonium chloride.  This suspension was centri- 
fuged, the supernatant was removed, and the cells were then resuspended for 
use in the respirometers in a fresh portion of the medium.  The density of the 
organisms in the suspensions was adjusted so that the reflectometer  readings on 
the suspensions were the same from one experiment to another and the age of 
the cultures used was kept as constant as possible.  The time from washing off 
the plates until the respiration measurements actually commenced was approxi- 
mately 1 hour and was constant from one experiment to another. 
The time course of the rate of oxygen consumption of ceils in the absence of 
ammonium chloride is illustrated  in Fig.  1.  It is apparent  that  the rate of 
oxygen consumption declines with time, becoming relatively constant after 2 
or 3 hours.  The level reached is approximately 67 per cent of the initial rate of 
oxygen consumption. 
A declining rate of oxygen consumption in the absence of a nitrogen source 
has been observed in this laboratory for luminous bacteria also; by Meiklejohn 
(1937)  for a  free-living bacterial species from soil; and by Gerard and  Falk 
(1931) for Sarcina lutea. 
The number of viable cells present at various times during the fall in the rate 
of oxygen consumption was determined in two experiments and these observa- 
tions too are included in Fig.  1.  The increase in the number of viable ceils 
illustrated in this figure is undoubtedly occurring at the expense of the size of 
the cells. 1  From these observations it is clear that the fall in respiration cannot 
1  Parenthetically it is of some interest that this increase in the viable cell count is 
unaffected  by 14.8 ×  10  -3 M PC.  This concentration in the case of growth in the 
presence  of ammonia  completely prevents any change  in viable cell count.  It is 
probable that ST too would be without effect on this cell division.  A partial explana- 1%  H.  AP..MSTRONG  AND  KENNETH  C.  ~ISHER  281 
be due to the death of the cells since the number of viable cells present actually 
increases  during  the  decline  of  the  respiratory  rate.  The  only  difference 
between the medium in which this decline in respiration occurs and one which 
will support growth is the absence of ammonium chloride in the former.  Since 
there can be no increase in respiring material due to the lack of ammonium 
chloride, and since viable cell counts do not decrease, it is almost certain that 
there is no change in the amount of respiring material during this period of 
declining oxygen consumption.  If so, it follows that the protoplasm of E. col~ 
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FI6. 1.  The time course of the rate of oxygen consumption (crosses) and the l~lative 
viable cell counts (squares for one experiment, dots for another) when cells of E. ¢~li 
are washed off  a nutrient agar and examined in a medium lacking ammonia.  The data 
for oxygen consumption are the averages of eight identical experiments.  Each viable 
cell count is the average of duplicate determinations. 
must respire at a higher rate during the process of forming new protoplasm than 
when in the "resting" condition. 
In more than fivd experiments the effects of PC  and of  ST  on  the oxygen 
consumption of the bacteria were investigated after the oxygen consumption 
had fallen to the relatively constant value.  At this time concentrations of PC 
up to 9.2 ×  10  -s M certainly do not lower the oxygen consumption by more than 
tion is therefore provided for the observation recorded by a number of investigators 
(for references see Fisher and Armstrong, 1947) that a lag frequently occurs before an 
effect of sulfonamides on the rate of cell division becomes apparent.  It now appears 
that under certain circumstances  cell division will continue although no new bacterial 
protoplasm is being elaborated,  and that this  process  is, by comparison with those 
which lead to the formation of bacterial  protoplasm, relatively  insensitive  to in- 
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10 per cent.  This particular concentration in the case of growing cells (Fisher 
and Armstrong, 1947) is just sufficient to stop growth completely and in doing 
so it removes some 30 to 60 per cent of the oxygen consumption.  A similar 
result was obtained with ST.  A concentration of 19.5 X  10  -4 ~t ST which in 
growing cells (Fisher and Armstrong, 1947) reduces the rate of growth to 25 
per cent of the normal value and removes 45 per cent of the oxygen consumption 
of the growing cell, lowers the rate of oxygen consumption after it has fallen to 
the level shown in Fig. 1 by only, at the most, 10 per cent. 
The most obvious interpretation of these observations with the inhibitors 
and those illustrated in Fig. 1 is certainly that the oxygen consumption lost 
after removal of the cells from a nutrient medium is associated with growth and 
that it is more sensitive to the inhibitors than is the fraction of the oxygen 
consumption which remains in the absence of nutrients.  An alternative inter- 
pretation has, however, been proposed by  Gerard and Falk  (1931).  These 
authors point out that in the preparation of a suspension of ceils for an experi- 
ment such as that described in Fig. 1, the ceils may unavoidably be subjected 
to an oxygen lack.  When oxygen becomes available again, as it does in the 
respirometer, the cells may proceed to respire at an accelerated rate in order to 
repay an oxygen debt accumulated during the anaerobic period.  As the debt 
is repaid the rate of oxygen consumption will gradually drop back to its normal 
value thus giving rise to the picture illustrated in Fig. 1 which is nearly identical 
with that observed by Gerard and Falk for Sarcina lutea. 
In order to obtain further critical  information regarding the significance of 
this falling rate of oxygen consumption, an experiment was devised which in 
effect permitted the rate  of oxygen consumption to be followed while the cells 
were being removed from the nutrient medium.  A suspension of cells of E. coli 
in nutrient medium was placed in the respirometer in the  usual way.  The 
medium however  contained  only sufficient ammonia  to  permit  logarithmic 
growth for 2 to 3 hours.  The course of oxygen consumption in such an experi- 
ment is illustrated by the typical data of Fig. 2 in which the rate  of oxygen 
consumption is plotted against time.  It is seen that the rate rises to a  peak 
and then rapidly falls off to a level which is reached in about 1 hour.  It will be 
convenient in what is to follow to define the peak oxygen consumption as the 
maximum rate of oxygen consumption reached by such cell suspensions.  It is 
determined by taking the highest point reached by the oxygen consumption 
before it commences to fall.  The level oxygen consumption is that relatively 
constant rate which is maintained for several hours. 
As mentioned above, the fall in oxygen consumption.is not due to the death 
of the cells, but must be assumed to be a fall in the respiratory rate per unit of 
bacterial protoplasm.  The  level rate  of oxygen consumption was  found in 
thirteen experiments to be 47 per cent of the peak with a maximum variation 
from 42 to 50 per cent.  Many analyses of samples of the suspensions of cells in ]~. H. ARMSTRONG  AND  KENNETH  C. :FISHER  283 
these experiments show that the uptake of ammonia becomes complete at the 
point indicated by the peak.  The inference that approximately 55 per cent of 
the total oxygen consumption is concerned with the fixat:on of ammonia, that 
is with growth, is inevitable. 
It has already  been shown (Fisher and Armstrong, 1947) that both ST and PC 
while inhibiting growth in E. coli bring about an appreciable  reduction of the 
rate of oxygen consumption.  It was therefore of interest to determine the 
effect of these substances on the oxygen consumption which is concerned with 
the fixation of ammonia.  Experiments in which cells used up all the ammonia 
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FIO. 2. The time course of the rate of oxygen consumption  in a growing  culture of 
lt.  coli which exhausts its nitrogen source, ammonia, at the point indicated by the 
arrow.  (NH,CI) ffi 0.015 per cent. 
while in the respirometer were, therefbre, repeated in the presence of ST and of 
PC respectively.  Young cells were used in these experiments and these were 
permitted to grow and respire in the respirometers under the usual conditions 
of shaking, CO2 absorption, etc.,/or 1 hour prior to the addition of the in- 
hibitor from the onset of the vessel by tipping.  In this way the log phase of 
growth was established before the inhibitor was added. 
The results of a typical experiment with ST are shown in Fig. 3.  In each 
respirometer and even in the presence of ST the oxygen consumption rises to a 
peak.  Here, as in the experiments just described it was found that the peak 
indicates in each case the complete exhaustion of the nitrogen source.  From 
this point on, the oxygen consumption of the controls and ST-treated samples 
falls, finally reaching a level. 
From an examination of the figure it may be seen that the peaks become lower 
and occur later, and that the difference between the peak and the level values 
becomes less as the concentration of ST rises.  The last observation means that 
the oxygen consumption associated with the fixation of ammonia is smaller in 284  GROWTH  AND  RESPIRATION 
the presence of ST, in other words, that it is inhibited by ST.  It will be con- 
venient in what follows to evaluate this effect of ST on the "growth" metabolism 
by expressing the difference between peak and level values in the presence of ST 
as a per cent of the difference between peak and level values in the controls 
without ST. 
The effect of ST, in these experiments, on the total oxygen consumption of the 
cells can be determined by either of two separate procedures since there are two 
points at which the respirometers  contain the same amount of bacterial proto- 
plasm.  The rates of oxygen consumption in the different respirometers  may 
therefore be compared directly at either or both of these times.  Initially all 
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Fro. 3.  Four typical time courses similar to that illustmt~l in Fig. 2 but in this case 
with ST added to make the indicated concentrations in the respirometer vessels. 
(NH~CI) -- 0.015 per cent. 
of the vessels contained identical quantities of bacterial protoplasm and the 
rates may therefore be compared at that time in the manner described  pre- 
viously (Fisher and Armstrong, 1947).  In addition, since the same quantity 
of ammonia was fixed in all the vessels, they all presumably contained the same 
quantity of bacterial protoplasm finally (i.e.  at the peak and thereafter).  The 
peak rates of oxygen consumption can therefore be legitimately compared also, 
since they too, like the initial values, represent rates for the same quantity of 
protoplasm. 
Table I shows the effects of ST on the total oxygen consumption obtained by 
both of the methods described  above, along with the effects on the growth 
metabolism and on growth itself  determined in various ways as previously 
reported (Fisher  and Armstrong, 1947).  The first two columns of the table 
give the inhibition of the total oxygen consumption, column 1 at the moment 
the inhibitor was added, column 2 at the peak rate.  It will be noted that the F.  I-I.  ARMSTRONG  AND  KENNETH  C. ~ISHER  285 
values given by the two methods agree well with one another.  In column 3 
the difference between the peak and the level rates for the several ST concentra- 
tions is expressed as a per cent of the control.  It is immediately evident that 
this fraction of the total oxygen consumption, i.e. the "growth" metabolism, is 
decreased much more rapidly as the concentration of ST rises than is the total 
oxygen consumption.  It has already been shown (Fisher and Armstrong, 1947) 
that the growth rate itself is also affected more rapidly by ST than is the total 
oxygen consumption.  Now, from columns 3 and 4 of Table I  it can be seen 
TABLE I 
The Effect of Lbw Concentrations of ST on the Growth Metabolism  of E. coli 
1.  Effect  on  total  oxygen consumption--calculated by  extrapolation  to  zero  time--ex- 
pressed as per  cent control. 
2.  Effect on total oxygen consumption based on the peak; i.e.,  the maximum values ob- 
served in the presence of ST are expressed as a  per cent of the maximum observed in the 
control. 
3.  Effect on oxygen consumption above the level----expressed  as per cent control. 
4.  Effect  on  growth  rate--from Fisher and Armstrong (1947)---expressed as  per  cent 
control. 
The figures are the averages of identical experiments.  Many other less complete experi- 
ments point to  the same conclusions. 
Concentration  3 






1  2 
90  89 
76  72 
78  73 
68  71 






4  No. of experiments 
69  3 
49  3 
42  3 
34  2 
25  2 
NH4C1  concentration 0.015 per cent. 
that the inhibition of the growth metabolism by a given concentration of ST 
is strikingly similar to the inhibition of growth observed at the same concen- 
tration.  The inhibition of growth in E. coli by ST is therefore accompanied by 
a similar degree of inhibition in a specific fraction of the oxygen consumption, 
the latter being that part of the oxygen consumption of the growing cell which 
is present only when ammonium chloride is present. 
It wiU undoubtedly have been noted in Fig. 3 that the rate of oxygen con- 
sumption in the control and lower concentrations of ST falls to approximately 
the same plateau level, the rate in the highest concentration of ST falling just 
perceptibly lower than this.  It seems that the concentrations of ST employed 
here have very little effect on the respiration existing in the absence of ammo- 
nium chloride, although they do inhibit the extra oxygen consumption seen 
when the ceils are fixing ammonia.  This finding is confirmed by the experi- 286  GROWTH  AND  RESPIRATION 
ments reported earlier in this paper, where it was observed that ST had practi- 
cally no effect at all when it was added to cells whose rate of oxygen consumntlon 
ad already fallen to the plateau value. 
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FTO. 4. Four  typical  time  courses  .qhn]iar  to  that  illustrated  in  F~. 2 lout  in  this  case 
with PC added  to  make the indicated concentrations in the respirometer vessels. 
(NH4C1)  =  0.015 per cent. 
TABLE II 
Tke Effect of Low Concentrations of PC on the Growth Metabolism of E. coli 
1.  Effect on total oxygen consumption--calculated  by extrapolation  to  zero time--ex- 
pressed as per cent control. 
2.  Effect on total oxygen consumption---calculated at the peak--expressed  as per cent 
control. 
3.  Effect on oxygen consumption above the level--expressed as per cent control. 
4.  Effect on growth rate---read from Fig. 4, Fisher and Armstrong (1947)--expressed as 
per cent control. 
The figures are the averages of identical experiments.  Many less complete experiments 
lead to the same conclusion. 
Concentration  1  2  3  4  No. of exp~hnen~ 
PC X  10~ 
1.5  104  99  83  85  3 
3.0  96  94  72  60  3 
6.0  83  83  35  30  3 
Exclusive of  the preliminary trials three  complete experiments similar to 
those which have just been described for ST have been made using PC as the 
inhibitor.  The experiment shown in Fig. 4 is typical.  The general picture is 
very much like that shown by ST; i.e., the oxygen consumption reaches a peak 
at the point of exhaustion of the ammonium chloride and the rate of oxygen ~.  H.  AI~MSTI~ONG AND  KENNETH  C.  ~ISHEg  287 
consumption then falls to a  level.  The information obtained from the three 
identical experiments is summarized in Table II.  As was the case for ST, the 
inhibition, as determined initially by extrapolation to zero time (column 1), 
agrees very well with the degree of inhibition of the peak oxygen consumption 
(colllmn 2).  The difference between peak and level, as per cent control, is 
shown in column 3, and when these values are compared with the values read 
(Fisher and Armstrong, 1947) from the curve showing the inhibition of growth 
by different concentrations of PC which are given in columu 4, it is seen that 
they agree very closely.  There is thus a striking parallelism between the effect 
of both ST and PC on growth and the effect of these two substances on the 
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FIo. 5.  The effect of ST and of PC respectively on the total oxygen consumption 
of the cell as a function of the effects of the same inhibitors on the relative rate of 
growth. 
specific fraction of the total oxygen consumption which is associated with the 
presence of ammonium chloride. 
It will be noted in Fig. 4 that PC in the concentration ranges reported there 
prevents the rate of oxygen consumption from faUing to the levd of the con- 
trois.  In  other words,  PC  appears  to  raise  the  level rate  of oxygen con- 
sumption. 
This same effect may be observed by adding the PC  from the onset in an 
experiment similar to these under discussion after the rate of oxygen consump- 
tion has failen to the plateau level.  In fact upon adding 1.5 X  10-5,3.0 ×  10-~, 
or 6.0  X  10  -3 ~  PC to cells at that time the rate  of oxygen consumption was 
observed in two experiments to be raised on the average by 6, 18, and 29 per 
cent respectively.  It wiU be recaUed that no such accelerations as these are 
observed with the relatively older celLs employed for the experiments described 288  GROWTH  AND  RESPIRATION 
in Fig. 1.  They are therefore to be considered characteristic of young cells 
but not of older cells. 
It is interesting to note in Table II, that while the effects of PC are similar to 
those of ST in one respect, they differ appreciably in another.  As in the case of 
ST the effect of PC on the oxygen consumption associated with growth (column 
3) closely parallels inhibition of growth itself (column 4).  However the effects 
of PC on the total oxygen consumption (columns 1 and 2) tend to be appreci- 
ably less, for a given inhibition of growth, than do those of ST.  This fact is 
illustrated in Fig. 5 in which the inhibition of growth is plotted for both ST and 
PC respectively, as a function of the inhibition of the total oxygen consumption. 
This finding would follow, of course, from the fact that PC accelerates the level 
rate of oxygen consumption if the resting oxygen consumption could be pre- 
sumed to be a  discrete entity.  Under these circumstances the level rate of 
oxygen consumption would gradually rise  as the  concentration of  PC  was 
raised,  thus preventing  the  total oxygen consumption from showing much 
inhibition even though the oxygen consumption concerned with growth was 
being steadily reduced.  2 
SUM3~ARY AND  CONCLUSIONS 
I. The rate  of  oxygen consumption by E. coil  has  been observed both in the 
presence and absence of ammonia which substance is used by this organism in 
these experiments as the sole source of nitrogen for growth. 
2.  After the ammonia has been completely taken up in a  culture of E. coli, 
the rate of oxygen consumption by the culture is observed to fall rapidly.  It 
becomes relatively constant again at a rate approximately 45 per cent of that 
existing immediately prior to the exhaustion of the nitrogen source.  It appears 
that the fixation of ammonia, that is, growth, requires approximately 55 per 
cent of the oxygen consumed by the growing cell. 
3.  Inhibition of the oxygen consumption which is associated with ammonia 
fixation, by both sulfathiazole (ST) and n-propyl carbamate (PC) closely paral- 
lels the inhibition of growth by these compounds (as measured by viable cell 
counts, etc.). 
4.  The concentrations of ST and PC which inhibit growth exert little or no 
inhibitory effect on the rate of oxygen consumption by ceils after the rate has 
fallen to the resting value. 
5.  It is pointed out that the above observations would be adequately ac- 
counted for if growth depended on a  discrete fraction of  the  total oxygen 
consumption of the growing cell. 
' Possibly it should  also be noted that if PC in low concentrations  could serve 
as a source of nitrogen for E. coli then this would account for the observed  acceler- 
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6.  It is noted that PC, but not ST, has a significant accelerating effect on the 
oxygen consumption of the resting cell; and that for a given inhibition of growth, 
PC produces less inhibition of the total oxygen consumption of the cells,  than 
does ST.  The latter of these two  observations would follow from the former 
if the resting oxygen consumption were a discrete entity. 
LITERATURE  CITED 
Commoner, B., and Thimann, K. V., 1941, On the relation between growth and respi- 
ration in the Arena coleoptile, J. Gen. Physiol., 24~ 279. 
Deutsch, W., and Raper, H. W., 1938, The respiration and metabolism of submaxillary 
gland tissue of the cat, J. Physiol., 92, 439. 
Fisher, K. C., and Armstrong,  F. H., 1947, The effects of sulfathiazole and of propyl 
carbamate on the rate of oxygen consumption and growth in Esvherichia coli, J. 
Gen. Physiol., 30, 263. 
Fisher, K. C., and Henry, R. J., 1944, The effects of urethane and chloral hydrate on 
oxygen consumption and cell division in the egg of the sea urchin, Arbacia punvtu- 
lata, J. Gen. Physiol., 9.7, 469. 
Fisher, K. C., Henry, R. J., and Low, E., 1944, The effects of sulfanilamide and azide 
on oxygen consumption and cell division in the  egg of the sea urchin, Arbacia 
punctulata, J. Pharmacol. and Exp.  Therap., 81,  58. 
Fisher, K. C., and Stem, J. R., 1942, The separation of an "activity" metabolism from 
the total respiration of yeast by the effects of ethyl carbamate, J. Cell. and Comp. 
Physiol., 19p 109. 
Gerard, R. W., and Falk, I. S.,  1931, Observations on the metabolism of Sarcinea 
lutea I, Biol. Bull., 601 213. 
Meildejolm,  J., 1937, The oxygen uptake of suspensions and cultures of a free-living 
bacterium, J. Exp. Biol,, 14, 158. 
Ormsbee, R. A., and Fisher, K. C., 1944, The effect  of urethane on the consumption of 
oxygen and the rate of cell division  in the ciliate Tetrahymena geleii, ].  Gen. 
Physiol., 9.7~ 461. 
Stannard, J. N., 1939, Separation of the resting and activity oxygen consumption of 
frog muscle by means of sodium azide, Am. J. Physiol., 126~ 196. 